cycle, the ion cloud was irradiated with a laser light during the storage time. This destroyed some of the labile helium complexes and a lower helium complexes count Ni was obtained after the extraction from the trap. The infrared photodissociation (IRPD) spectra and visible photodissociation spectra (VisPD) were acquired by recording the dissociation yield of the helium complexes (attenuation), defined as 1 -Ni / Ni0, while scanning the laser frequency.
Computational Details
DFT calculations were performed with B3LYP-D3BJ functional [S 8-S 12] using Gaussian 09 package [S13] . All reported structures correspond to either minima or transition states of the potential energy surface. The identity of reported transition states was confirmed by IRC calculations. Reported energies include zero-point vibrational energy correction calculated at the same level and, in the case of complexes, are not corrected for the basis set superposition error (BSSE). We calculated the BSSE only in the complex of 2 with propane, where it was 0.8 kcal mol -1 . The molecular coordinates are provided in the end of this Supporting Information.
Multireference calculations
RASSCF/RASPT2/MCDPFT calculations. The state-specific/state-averaged restricted active space selfconsistent field (SS/SA-RASSCF) and single-state and multistate complete active space second-order perturbation theory (SS/MS-RASPT2) calculations were carried out using the MOLCAS 8.2 program. [S14] The ANO-RCC basis set, contracted to [6s5p3d2f1g] for Co/Fe, [4s3p2d] for O/N, [3s2p] for C and [2s] for H atoms, was used. The second-order Douglas-Kroll-Hess (DKH2) one-electron spinless Hamiltonian was applied in all calculations in order to allow for spin-free relativistic effects. [S15] To prevent 3s and 3p orbitals of Co/Fe from their possible rotation into the active spaces, the keyword SUPSym was applied in all RASSCF calculations as well.
The SS/SA-RASSCF energies, obtained on top of the DFT geometries, were calculated with the following partition of the orbital space:
• [(N4Py)Co(O)] 2+ (2) and [(N4Py)Fe(O)] + (3): the active space RAS2 with all possible excitations includes 13 electrons in 9 orbitals (RAS2 : 5×3dCo, 3×2poxo orbitals + 1 chelate-based orbital), while the active space RAS3, restricted to single and double excitations from the occupied space, contains orbitals accounting for the double shell effect. [S16] • [(N4Py)Co(O)] + (1): RAS2: 14-in-9 & RAS3: 0-in-8 (orbitals are of the same character as for
• [(N4Py)Fe(O)] 2+ (4): RAS2: 12-in-9 & RAS3: 0-in-8 (orbitals are of the same character as for
Orbitals arising from the RAS2 and RAS3 space are in depicted for S = 2 [(N4Py)Co(O)] + (1) in Scheme S1. To improve the calculation accuracy, the SS/MS-RASPT2 energies were used on the diagonal of the two-component Hamiltonian matrix (denoted in the text RASPT2; if not stated otherwise RASPT2 corresponds to SS-RASPT2).
Alternatively, multiconfigurational pair-density functional theory [S 17] on top of SS-RASSCF wavefunction was used.
In all of the RASSCF calculations, a level shift of 5 au was used in order to improve convergence. In the MS-RASPT2 calculations, 35 lowest orbitals were frozen, and an imaginary level shift of 0.2 au was used to eliminate intruder states. [S 18] Scheme S1. The active subspace (RAS2) of 13 electrons in 9 orbitals used in RASSCF calculations of 1 in the quintet state (for illustration). The RAS3 subspace of double-shell 8 orbitals is also shown. (kcal mol -1 )
EB3LYP-D3
[E 0K (kcal mol -1 ) Figure S1 . ( Orbitals are schematically ordered according to their energies increasing from bottom to top (calculated at CASCI(13-in-9) and CASCI(14-in-9) using the respective optimized RASSCF wavefunctions). Note that π/π*-interactions are different in these two systems. 
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